INTRODUCTION
When dimensions shrink into the nanometer size regime, properties that are intensive in the macroscopic world become size dependent. Phase transitions are one example: below about 10 6 atoms, the melting points of small particles begin to shift to significantly lower temperatures. [1] [2] [3] [4] This decrease results from the increase in the surface to volume ratio and was first predicted by Pawlow in 1909. 5 Since phase transitions, in principle, only occur in the thermodynamic limit of a large system, there has been interest in phase changes in small systems for many years. It is now known that particles with fewer than 100 atoms can undergo a melting transition from a solidlike phase to a liquidlike phase. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] For particles with less than 100 atoms, the properties no longer simply scale with size: the addition or subtraction of just a single atom can make a dramatic difference. For example, adding one atom to Al 55 + causes the melting temperature to drop by more than 100°C. 17 How does an atomic cluster melt? Does it melt directly so that only completely solid and completely liquid clusters exist [18] [19] [20] or are partially melted intermediates involved? 21, 22 Surface premelting, for example, has been observed in many simulations, [23] [24] [25] [26] [27] [28] [29] [30] but only a few examples of premelting have been identified in experiments. 17 This may be because experimental studies of the melting of size-selected clusters have lagged behind theoretical studies. Most of the experimental studies of cluster melting that have been performed so far are based on measuring the heat capacity as a function of temperature. A peak in the heat capacity due to the latent heat indicates melting. Because of their small size, the melting transitions for clusters are broad, and the signature of a partially melted intermediate ͑a broadening or asymmetry in the heat capacity peak͒ may not be immediately evident from the experimental results. Poland recently described a simple procedure to investigate whether an intermediate occurs in the melting transitions of atomic clusters. 31 He analyzed heat capacities measured for Al 53 + and Al 79 + and concluded that the melting of Al 79 + involved an intermediate, while only solidlike and liquidlike clusters are present for Al 53 + . In the work reported here, we continue to address melting in aluminum cluster cations. We have previously reported studies of the melting of aluminum clusters with 49-83 atoms, 17, 32 and we recently reported measurements of the heat capacities for aluminum clusters with 31, 34, 37, 39, 40, 44 , and 46 atoms along with density functional theory studies aimed at investigating connections between the melting behavior of the clusters and their geometries and other related properties. 33 Here, we report heat capacity measurements for all clusters in the 16 to 48 atom size range. We use a procedure similar to that described by Poland to examine the melting transitions. For all the clusters in the 16-48 atom size regime, we find that the results can be fitted using a two-state model incorporating only solidlike and liquidlike clusters. In other words, the melting transitions apparently occur without the involvement of a partially melted intermediate. We have also reanalyzed our previously reported measurements for aluminum clusters with 49 to 83 atoms using both the two-state model and a three-state model that incorporates an intermediate between the solidlike and liquidlike clusters. In addition to providing information about the role of intermediates in the melting transitions, this analysis provides more reliable values for the melting temperatures, and the latent heats than can be obtained from a direct examination of the experimental results. So, we present here what we believe to be the most reliable values for these quantities.
Heat capacities are determined for size-selected aluminum cluster cations by measuring their dissociation thresholds as a function of temperature. The change in the dissociation threshold with temperature is proportional to the change in the internal energy with temperature, which is the heat capacity. Starting at low temperature, the dissociation threshold decreases as the temperature is raised due to the heat capacity of the solid. At the melting transition, there is a sharp drop in the dissociation threshold due to the latent heat, and then the dissociation threshold of the liquid clusters gradually decreases due to the heat capacity of the liquid. The signature of a melting transition is the jump in the dissociation threshold, or the corresponding peak in the heat capacity, due to the latent heat.
EXPERIMENTAL METHODS
The experimental apparatus and methods have recently been described in detail. 15, 32 Only a brief overview is provided here. The cluster ions are generated by laser vaporization of a liquid metal target. The liquid metal target provides stable cluster ion signals because the liquid continuously refreshes the surface. 34 The clusters are carried through the source and into a temperature variable extension by a helium buffer gas flow. The temperature of the extension can be adjusted between 77 and 1100 K. Previous studies, where we adjusted the length of the extension and the size of the entrance and exit apertures, have indicated that the clusters achieve thermal equilibrium as they travel through the extension. At the end of the extension, some of the cluster ions exit through a small aperture; they are then focused into a quadrupole mass spectrometer where a specific cluster size is selected. The size-selected clusters are then focused into a collision cell containing 1 torr of helium gas. As the cluster ions enter the collision cell, they undergo many collisions with the helium gas. Each collision converts a small fraction of the ions' translational energy into internal energy and translational energy of the helium collision partner. Eventually, the translational energy of the cluster ions is thermalized, and then further collisions with the helium thermalizes the cluster's internal energy. If the initial translational energy of the ions as they enter the collision cell is high enough, some of the clusters may dissociate while they are hot. The fragments and undissociated cluster ions are then carried across the collision cell by a weak electric field. At the other side of the collision cell, some of the ions exit through a small aperture. The ions that exit are focused into a quadrupole mass spectrometer where they are mass analyzed and then detected.
EXPERIMENTAL RESULTS
The aluminum clusters dissociate by the sequential evaporation of atoms. The fraction of the cluster ions that dissociate is determined from the mass spectra, and these measurements are performed as a function of the initial translational energy of the cluster ions as they enter the collision cell. The translational energy required for 50% of the ions to dissociate ͑TE50%D͒ is determined by plotting the fraction of ions that dissociate against translational energy and by performing a linear regression. TE50%D is then determined as a function of the temperature of the extension, in 50 K intervals. The derivative of TE50%D with respect to temperature is proportional to the heat capacity. The proportionality constant is the fraction of the cluster ion's translational energy that is converted into internal energy as it enters the collision cell. This is determined from a simple modified impulsive collision model. 35, 36 Figure 1 shows a plot of the heat capacities determined for clusters with 16-48 atoms. The points are the measured values, the thick solid lines are spline fits to the measured values, and the thin dashed lines are the heat capacities calculated with a modified Debye model that accounts for the finite size of the cluster. 37 The measured values are given relative to the classical value of 3Nk, where k is the Boltzmann constant and 3N is given by 3n −6+3/2, where n is the number of atoms in the cluster. Some of the clusters show substantial peaks in their heat capacities. These peaks are believed to result from melting transitions. The area under the peaks is the latent heat. It is evident from Fig. 1 that there are substantial variations in both the width of the peak and the peak intensity. The smallest cluster to show a welldefined peak in its heat capacity is Al 28 + , which shows a relatively broad peak centered around 600 K. Al 27 + shows a small broad peak centered around 700 K. For smaller clusters, those with 26 to 16 atoms, the heat capacities are relatively flat and featureless. The measurements become more difficult with decreasing cluster size because the change in the internal energy with temperature becomes smaller. For this reason, only a few measurements were performed for clusters with fewer than 16 atoms, and we do not report the results here except to note that a substantial peak was not found in the heat capacities for Al 13 + . For some clusters in the 16 to 26 atom size range, there is a hint that the melting temperatures are above the temperature range examined here. The heat capacities for Al 20 + and Al 21 + , for example, both increase significantly at the upper end of the temperature range.
COMPARISON WITH THE PREDICTIONS OF A TWO-STATE MODEL
Here, we describe an approach in analyzing the peaks in the heat capacities that is similar to that recently described by Poland. 31 If the transition between the solidlike and liquidlike clusters involves only two states, then we can treat the process as an equilibrium,
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with
where ⌬G m is the free energy change for the melting transition. If T m is the midpoint of the transition, where K͑T m ͒ = 1 and ⌬G m = 0, then ⌬S m = ⌬H m / T m and ⌬H m are the entropy and enthalpy changes for the melting transition, respectively. So, Eq. ͑2͒ can be rewritten as
and at any temperature the fraction of liquid clusters is
The heat capacity of the clusters is given by
where C S and C L are the heat capacities of the solid and liquid clusters, respectively, and the third term results from the latent heat. As a first estimate for the heat capacity of the solid clusters, we use the heat capacity derived from a modified Debye model. 37 It appears that the measured heat capacities are slightly ͑typically by 5%-10%͒ larger than the predicted values ͑see below͒. This difference could be real or it may indicate that the heat capacities are slightly underestimated. To correct for this discrepancy, we set
where E MD is the internal energy from the modified Debye model and S S is a scale factor. The heat capacity for the liquid cluster is expected to be slightly larger than that for the solid, and this is indeed found in the experimental results where the liquid clusters have heat capacities which are, on average, around 10% larger than those for the solid ͑see below͒. To account for this difference, we use
where S L is the scale factor that relates the heat capacity of the liquid clusters to the solid. Thus, rewriting Eq. ͑5͒, we have
͑8͒
f L in this equation is a function of T m and ⌬H m . To fit Eq. ͑8͒ to the measured heat capacities, there are four unknown parameters that must be adjusted: T m , ⌬H m , S S , and S L . A computer program was written to adjust these four parameters using a least squares criteria to fit the measured points. An example of a fit is shown in Fig. 2 for Al 39 + . In this figure, the filled points are the measured heat capacities. The thin dashed black line shows the heat capacity derived directly from the modified Debye model. 37 The open circles are the heat capacities determined using a least squares fit of the two-state model described above. The fit was only performed for points with T Ͼ 223 K. The low temperature measurements systematically diverge from the predictions of the modified Debye model for most cluster sizes. The fit was done with a ⌬T of 50 K to match the value used in the experiments. The solid green ͑gray͒ line that goes through the calculated points was determined with ⌬T of 5 K. There is not much difference between the points and the line, which indicates that the size of the ⌬T used here does not significantly influence the results. The thicker dashed green ͑gray͒ line shows the first two terms in Eq. ͑8͒ ͑i.e., the heat capacity without the contribution from the latent heat͒. The dashed-dotted line shows the contribution from the latent heat. The lower panel in Fig. 2 shows the relative abundances of solid and liquid clusters as a function of temperature. Figures 3 and 4 show the fits to the heat capacities for clusters with 25-48 atoms. For most clusters with n Ͻ 25, the heat capacities are relatively flat and featureless, and reliable fits could not be obtained. In Figs. 3 25, 26, 31, 34 , and 48 atoms, the peaks are sufficiently small that the values for the melting temperatures and latent heats that are derived from the fits should be treated with some caution. For a given melting temperature, the width of the transition depends on the latent heat. A large latent heat leads to a sharp well-defined peak in the heat capacity. As the latent heat becomes smaller, the peaks become broader and the peak intensity diminishes rapidly. This can be seen by comparing the results for Al 40 + , Al 41 + , Al 42 + , and Al 43 + in Fig. 4 . The latent heats for these clusters, determined from the fits, are 60, 73, 99, and 161 kJ mol −1 respectively. The melting temperature also affects the shape of the peaks in the heat capacity. For a given latent heat, the peak in the heat capacity becomes broader as the melting temperature is raised. For example, both Al 37 + and Al 43 + have latent heats that are 161 kJ mol −1 according to the fits shown in Fig. 4 . However, the peak for Al 43 + is substantially narrower than that for Al 37 + . Figure 5͑a͒ shows the melting temperatures deduced from the fits shown in Figs. 3 and 4 plotted against cluster size. Results for clusters with 49-83 atoms are also shown ͑see below͒. The dashed horizontal line in Fig. 5͑a͒ shows the bulk melting point ͑934 K͒. There are large size-dependent fluctuations in the melting temperatures. As noted above, the values for clusters with 25, 26, 31, 34, and 48 atoms should be treated with some caution because the peaks in the heat capacities are small. According to the figure, Al 48 + has a melting temperature significantly above the bulk value. From the fit shown in Fig. 4 , this high melting temperature is a consequence of the rise in the heat capacity at the high temperature end of the range investigated in the experiments. This can be taken to indicate that the melting temperature lies above the bulk melting point, but the value which comes from the fit shown in Fig. 4 is probably not very reliable. As noted above, the heat capacities for some of the smaller clusters, Al 20 + and Al 21 + in particular, increase significantly at the upper end of the temperature range. It is likely that these clusters also have melting temperatures that lie above the bulk melting point. Clusters with melting temperatures above the bulk melting point have been found before. Both tin 38 and gallium 15 clusters have melting temperatures which lie above their respective bulk melting points. However, in these examples all of the small clusters have melting points that lie above the bulk, and the size regime where the clusters drop below the bulk value is not known. Clusters are expected to have melting temperatures below the bulk melting temperature. The melting points of small particles are known to initially decrease with particle size because of the increase in the surface to volume ratio. [1] [2] [3] [4] [5] The elevated melting temperatures found for tin and gallium clusters have been attributed to the clusters having different structures and bondings compared to those of the bulk material. 29, [39] [40] [41] The lower half of Fig. 5 shows the latent heats ͑obtained from the fits of the two-state model͒ plotted against the cluster size. The filled points show the latent heat per cluster in kJ mol −1 ͑left hand scale͒. The open points show the relative latent heat plotted against the right hand scale. The relative latent heat is the measured latent heat divided by n times the bulk latent heat per atom ͑10.7 kJ mol −1 ͒. The latent heats are relatively small, varying between 10% and 40% of the bulk value. There are substantial size-dependent variations in the latent heats.
INTERMEDIATES IN THE MELTING OF CLUSTERS WITH 49-83 ATOMS
In all cases shown in Figs. 3 and 4 ͑clusters with 25-48 atoms͒, the shape of the peak in the heat capacity can be reasonably well fitted using the simple two-state model to describe the melting transition. Thus, these clusters apparently melt without the involvement of partially melted intermediates: the transition from solidlike to liquidlike occurs in a single step. However, previous work has indicated that this is not true for some slightly larger clusters. The heat capacity peaks for Al 51 + and Al 52 + , for example, appear broadened and asymmetric. 17 Thus, we have attempted to fit the twostate model described above to the heat capacity plots for the larger clusters for which measurements have been performed ͑49-83 atoms͒. Representative results are shown in Fig. 6 . In the left hand panel, we show results for clusters with 50-53 atoms. The results for Al 50 + are well fitted by the two-state model. Clusters with 51 and 52 atoms were previously been identified as having asymmetric peaks. In the case of Al 51 + , the least squares fitting procedure used to fit the two-state model to the measured values adjusts the scale factor for the heat capacity of the solid clusters ͑S S ͒ to minimize the effect of the asymmetry. This also occurs for Al 52 + , but the fitting procedure is less successful in this case because the heat capacity peak is more asymmetric. For Al 53 + the two-state model provides a good fit to the measured heat capacities. This is also true for Al 55 + in Fig. 6 . The situation for Al 56 + is complicated by a dip in the heat capacities at around 400 K. This dip, which occurs for a number of clusters in this size regime, is believed to result from annealing transitions. 17 At low temperature, the clusters are trapped in one or more high energy conformations. However, as the temperature is raised, the metastable conformations convert into the ground state. This causes a jump in the cluster's dissociation threshold, which leads to the dip in the heat capacities. 32 Since the dip is not incorporated into the two-state model we remove the point causing the dip from the fitting procedure. As can be seen from Fig. 6 83 + are shown in the right hand panel in Fig. 6 . For both Al 61 + and Al 83 + the two-state model fails to account for a high temperature shoulder on the heat capacity peak. In all other cases, the heat capacity peaks for clusters in the 49-83 atom size range could be fitted using the two-state model. In this regard, we differ from the conclusion reached by Poland, who indicated that the heat capacity peak for Al 79 + could not be fitted with a two-state model. This difference results because we take into account the finite resolution of the measurements. An expanded view of the results were measured with a higher resolution. The dashed line shows a spline fit to the measured heat capacities that we showed in the original report of these results. 32 This overestimates the width of the transition and makes it appear asymmetric. The spline fit is similar to the interpolation used by Poland to extract average internal energies from the heat capacities. The overestimation of the width of the transition in the interpolation leads to the conclusion that the results for Al 79 + could not be fitted by a two-state model. The problem of the transition being significantly narrower than the interpolation is limited to clusters where the latent heat is large ͑a large latent heat leads to a narrow transition within the framework of the two-state model͒. This problem is most significant for clusters with 76-82 atoms. As is apparent from Fig. 5͑b͒ , these clusters are the ones with the largest latent heats. Figure 7 shows a comparison of the experimental results for clusters with 51, 52, 56, and 83 atoms to a three-state model where melting occurs through an intermediate state,
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The rest of the model follows the development of the twostate model described above. A least squares fitting procedure has six unknowns: the transition temperatures and enthalpy changes for the two transitions and the scale factors for the heat capacities of the liquid and solid phases ͑the scale factor for the intermediate is Table I . For Al 51 + and Al 52 + , the first transition has a lower latent heat than the second, and so the peak in the heat capacity is characterized by a shoulder at a lower temperature compared to the main peak. The melting transitions for Al 61 + and Al 83 + show the reverse behavior with a shoulder at a higher temperature compared to the main peak. For Al 56 + , the latent heat for the first transition is slightly smaller than for the second.
We return now to reconsider the size-dependent variations in the melting temperatures shown in Fig. 5 . Beyond Al 48 + , the melting temperature drops precipitously from above the bulk melting point to around 500 K. The melting temperature for clusters with around 50-60 atoms then fluctuates between 450 and 650 K. Beyond Al 63 + , the melting temperature suddenly jumps up to be close to the bulk value. The melting point remains high for five clusters then drops precipitously. For several clusters in the 60-70 atom size range, the latent heats are small and the peaks in the heat capacities are small and broad. We show in Fig. 8 the fits of the twostate model to the measured heat capacities for clusters with 60-71 atoms. For clusters with 64, 68, and 69 atoms, the heat capacity peaks are sufficiently broad that we would be hard pressed to identify the melting temperature without the model. These clusters are all in the transition regions where the melting temperature is changing rapidly. According to the fit, Al 64 + has a melting temperature that is similar to Al 65 + and Al 68 + has a melting temperature that is similar to Al 67 + . On the other hand, Al 69 + has a melting temperature that is significantly lower than that of Al 70 + . Al 69 + , with a melting temperature of 336 K, is the aluminum cluster with the lowest melting temperature. The melting temperature for Al 69 + is low enough that melting occurs where the heat capacity predicted by the modified Debye model starts to decrease rapidly. For this reason, the melting transition for Al 69 + is indicated by an inflection rather than by a peak.
DISCUSSION
The melting temperatures for aluminum cluster cations in the size range examined here undergo large size-dependent fluctuations. In several cases, adding or subtracting a single atom causes the melting temperature to change by more than 300°C. The substantial fluctuations in the melting temperatures found in the recent experimental studies for sodium, gallium, and aluminum clusters have provided the motivation for a number of theoretical studies directed at uncovering the cause of the fluctuations. [41] [42] [43] [44] [45] [46] [47] [48] [49] Aguado and Lopez pointed to a correlation between the compactness ͑in particular, a short distance between the surface atoms and the core atoms͒ and a high melting temperature in sodium clusters. 47 Recent calculations indicate that a similar correlation may also exist for aluminum clusters. 33 There appear to be three regions of high melting temperature: around 37, 47, and 66 atoms. The high melting temperatures around 37 atoms appear to be correlated with a maximum in the latent heats ͑see Fig. 5͒ . However, another maximum in the latent heats at around 43 and 44 atoms is not correlated with elevated melting temperatures. The high melting temperatures at around 47 atoms and 66 atoms are also not correlated with elevated latent heats. The lack of a correlation between the latent heats and the melting temperatures occurs because the melting temperature depends on both the latent heat and the entropy of melting. An estimate of the entropy of melting can be obtained from ⌬S m = ⌬H m / T m . The entropy of melting determined in this way is plotted in Fig. 9͑a͒ along with the latent heats. The entropies of melting ͑open points͒ and the latent heats ͑filled points͒ are correlated. This correlation has been seen before in the melting of sodium 50 and gallium 16 clusters, and so it appears to be quite general. Williams et al. previously commented on a correlation between the entropy and enthalpy of melting for a series of hydrocarbons. 51 They attributed this relationship to the decrease in intermolecular bonding on melting being correlated with an increase in intramolecular motion in the liquid. Figure 9͑b͒ shows a plot of the entropy of melting per atom against the latent heat per atom for the aluminum clusters. This figure provides a better indication of the degree of correlation between these two quantities than Fig. 9͑a͒ .
The origin of the entropy-enthalpy compensation for cluster melting transitions may simply be that clusters with large latent heats generally have more strongly bound solidlike states, and so they are stiffer and have higher average vibrational frequencies. For these clusters, the solid form has a lower entropy, and hence the entropy change on going to the liquid is larger. Note in Fig. 9͑b͒ that a range of ⌬S m values is associated with each value of ⌬H m . We have identified in Fig. 9͑b͒ the clusters that have high melting temperatures ͑i.e., greater than 750 K͒ by red ͑dark gray͒ circles around the points. The high melting temperature clusters are found for a wide range of ⌬H m values. However, for a given value of ⌬H m , a high melting temperature is always associated with a low value of ⌬S m . A small entropy change occurs when the solidlike cluster is less stiff than average and has lower than average vibrational frequencies.
Except for a few clusters ͑51, 52, 56, 61, and 83͒, the width of the peaks in the heat capacities can be fitted by the two-state model. Within the framework of this model, the width of the transition depends on the size of the latent heat and, to a lesser extent, on the melting temperature. The width increases as the latent heat decreases and as the melting temperature increases. In previous work, the wide variation in the width of the peak in the heat capacity has been attributed to structural effects rather than to thermodynamic effects. Gallium clusters also show a wide variation in the size and width of their heat capacity peaks. 15, 16 The melting of Ga 30 and Ga 31 has been investigated by Joshi et al. using molecular dynamics simulations with density functional theory. 44 In the experiments, Ga 31 + melts with a relatively sharp peak in its heat capacity, while Ga 30 + lacks a well-defined peak. In the calculations, it was found that Ga 31 has an "ordered" ground state in the sense that most of the atoms experience a similar bonding environment with similar bond lengths and bond strengths, while Ga 30 has a "disordered" ground state. It was suggested that a large group of atoms bound together with similar strengths will melt together while a disordered cluster is expected to show a broad continuous phase transformation. A similar argument has been put forward to explain the widths of the transitions found for aluminum clusters. 33 In this case, Al 34 + was selected as an example of a cluster which shows a broad melting transition, while Al 44 + was chosen to illustrate a cluster with a sharp peak in its heat capacity. In the calculations, Al 34 had a disordered ground state, while the ground state of Al 44 was ordered. As can be seen from Figs. 3 and 4, the melting transitions for both clusters can be fitted by the two-state model. The melting transition for Al 34 + is broad because the latent heat is small. It is not necessary to invoke the idea that melting occurs gradually to explain the width of the transition. Indeed, an agreement with the two-state model suggests that the transition is direct ͑i.e., it does not involve partially melted intermediates͒. On the other hand, a cluster with a disordered ground state, such as Al 34 + , is expected to melt with a small latent heat. So, a correlation between disordered ground states and broad melting transitions is expected. A cluster with a disordered ground state is also expected to have a small entropy change for melting, and this may also contribute to correlation between the latent heat and the entropy of melting.
Using the least squares criteria to fit the two-state model to the measured heat capacities does not provide a particularly discriminating approach in identifying cases where melting involves an intermediate. The results for Al 51 + illus- trate this point. A reasonable fit to the experimental results could be obtained with the two-state model, even though the peak in the heat capacity appears asymmetric and the threestate model clearly provides a better fit ͑see Fig. 7͒ . In cases where the three-state model provides a much better fit to the measured heat capacities ͑51, 52, 56, 61, and 83͒, latent heats are determined for the two transitions ͑solid to intermediate and intermediate to liquid͒. From Table I , it can be seen that for Al 51 + and Al 52 + the latent heat for the first transition is significantly less than that for the second. On the other hand, for Al 61 + and Al 83 + , the latent heat for the first transition is significantly more than that for the second. For Al 56 + , the latent heats for the two transitions are roughly the same.
The three-state model provides no insight into the nature of the intermediate states. Perhaps the most plausible explanation is that the intermediate results from surface premelting, where the surface layer of the cluster melts before the core. Surface premelting is usually associated with a small premelting peak that precedes the main melting peak. However, examples where the premelting peak is stronger than the actual melting peak have been observed in simulations for larger sodium clusters, 30 where this situation was given the name "postmelting." These results represent the first experimental observation of this phenomenon.
Another possible explanation for the two peaks in the heat capacity near the melting transition is that they come from a structural transition. For example, Doye and Wales showed that the lowest energy structure for a 37-atom Lennard-Jones cluster is fcc, but an icosahedral structure is slightly higher in energy and becomes entropically preferred as the temperature is raised. 52 A transition between the fcc structure and the icosahedral structure occurs through sampling the liquid phase ͑i.e., the transition is fcc→ liquid→ icosahedral͒. This structural transition leads to a small peak in the heat capacity before the main melting transition. Cleveland et al. reported that in simulations of large gold clusters ͑Au 146 and Au 459 ͒ melting occurs through an icosahedral intermediate or precursor. 53 Thus, structural transitions that precede the melting transition are a plausible alternative explanation for the melting transitions that occur through an intermediate. However, it is difficult to imagine that this process can lead to a situation where the latent heat for the first transition is larger than that for the second. So, this postmelting behavior must be due to partially melted ͑perhaps surface-melted͒ intermediates.
CONCLUSIONS
In this paper, we have reported heat capacity measurements for aluminum clusters in the 16-48 atom size range. The results for these clusters and the previously reported results for clusters with 49-83 atoms have been compared to the predictions of a two-state melting model and, where appropriate, a three-state model. For most clusters with 25-83 atoms, the results can be adequately fitted by the two-state model. In particular, variations in the widths of the melting transitions can be accounted for by the two-state model. The peaks in the heat capacity become broader as the latent heat decreases and the melting temperature increases. For clusters with 51, 52, 56, 61, and 83 atoms, the results cannot be adequately fitted by the two-state model, which indicates that melting involves an intermediate. Both premelting transitions ͑where the latent heat for the first transition is smaller than that for the main melting transition͒ and postmelting transitions ͑where the latent heat for the second transition is smaller than that for the first͒ were found. The most likely explanation for both the premelting and postmelting transitions is that they arise from an intermediate with a partially melted or fully melted surface. The premelting transition may also be due to a structural transformation where the liquid state is involved in the interconversion.
There are wide variations in both the melting temperatures and the latent heats. There are three regions of high melting temperatures: around 37, 47, and 66. The variations in the latent heats and melting temperatures are not correlated. However, the latent heats are correlated with the entropies of melting. This correlation probably results from clusters with larger latent heats that are more strongly bound and hence stiffer with higher average vibrational frequencies. Thus, the solidlike clusters have low entropies, and the entropy change on melting is larger. Theoretical studies suggest that clusters with low latent heats are more disordered, and this may also contribute to the correlation. The high melting temperatures observed for some clusters are not associated with high latent heats. However, for a particular latent heat, the high melting temperature clusters are the ones with the lowest entropy changes.
